X -2 DIOCHON AND KELLMAN : δ 13 C AS A PROCESS INDICATOR
Northern forest soils represent globally important stores of carbon (C), yet there is no consensus about how they are altered by the widespread practice of harvesting that dominates many forested landscapes. Here we present the first study to systematically investigate the utility of δ 13 C and C content depth profiles to infer temporal changes in belowground carbon cycling processes following disturbance in a pure C 3 ecosystem. We document carbon concentration and δ 13 C depth profile enrichment trends consistent with a kinetic fractionation arising from soil organic carbon (SOC) humification across a northern forest chronosequence (1, 15, 45, 80 and 125+ yrs) . Reduced soil C storage that coincided with observed soil profile δ 13 C-enrichment patterns which intensified following clearcut harvesting, pointed to losses of SOC in the deeper (>20 cm) mineral soil. This study suggests the δ 13 C approach may assist in identifying mechanisms responsible for soil C storage changes in disturbed C 3 forest ecosystems.
Introduction
The natural abundance of δ 13 C in a soil has been shown to be an integrative measure of the ecosystem factors and processes that produced it [Billings and Richter, 2006] , and its measurement has yielded insight into the dominant processes guiding the biological and physical dynamics in a soil system [e.g. Nadelhoffer and Fry, 1988; Ehleringer et al., 2000] . It therefore provides us with a potentially powerful tool for understanding if and how carbon dynamics in the mineral soil change over time. In a stable soil profile, the concentration of carbon typically decreases exponentially with depth, coincident with an increase in carbon age [Trumbore, 2000] . The δ 13 C signature complements the observed depth trends in carbon concentration and age, becoming enriched in 13 C by up to several parts per thousand (permil, ‰) within the first meter of mineral soil. There are several hypotheses that have been invoked to these depth trends which can be grouped into three categories: mixing, selective decomposition and preservation of compounds enriched in δ 13 C, and kinetic fractionation during humification [Ehleringer et al., 2000; Wynn et al., 2006] .
Mixing between two isotopically distinct sources has been associated with the Terrestrial Suess effect and above-and below-ground biomass sources. The Terrestrial Suess effect describes the isotopic depletion of atmospheric CO 2 due to the combustion of 13 Cdepleted fossil fuels [Trolier et al., 1996] , and is apparent in the depth trend of δ 13 C in the soil profile (more enriched older SOC at depth and more depleted recent SOC at the surface), explaining enrichment with depth of up to 1.4 ‰. Mixing between above-and below-ground biomass sources of carbon can also generate profile enrichment because root [Benner et al., 1987; Wedin et al., 1995] . Coincidentally, these compounds are typically more depleted in 13 C relative to less stable compounds, which would produce a depth trend of depletion rather than enrichment. This hypothesis is inconsistent with observed trends and has largely been rejected. Generally, soils with the same soil forming factors exhibit similar δ 13 C depth trends.
Mixing is typically manifested as a 1.5 ‰ enrichment with depth and the observed relationship between the carbon concentration and the δ 13 C signature is linear. is observed to be the dominant process, it can be examined in isolation by removing the effects of mixing using a correction factor [Wynn et al., 2006] . Such a correction allows for a more rigorous evaluation of the role the kinetic process alone may play in generating observed soil profile δ 13 C -concentration profiles.
Soil carbon dynamics are controlled by soil forming factors, which also influence depth trends in δ 13 C. Researchers have examined, in isolation, the role of climate and litter quality [Garten et al., 2000] , topography [Wynn et al., 2006] , and soil texture [Wynn et al., 2005] , in generating observed δ 13 C depth trends and established that the mechanism and its strength exhibit a high degree of variability with a single controlling variable.
These studies illustrate the uniqueness of each δ 13 C profile and establish the necessity of examining single variable effects on profile development when conducting inter-site comparisons of δ 13 C profile dynamics.
As each δ 13 C depth profile holds the story of its development, examining its trends through time could reveal important changes not evident by elemental concentration analysis alone. Stable isotope measurements are accessible, relatively inexpensive, and are performed with elemental analysis providing a cost-effective and potentially insightful measure of the dominant process(es) guiding SOC dynamics during ecosystem development and/or succession. However, the application and utility of using stable isotopes in a pure C 3 ecosystem to infer changes in process is not well documented. To our knowledge, no studies have systematically examined stable isotope dynamics of SOC associated with forest disturbance in a pure C 3 ecosystem to understand processes driving soil C cycling and storage. With growing concerns about the consequences of global climate X -6 DIOCHON AND KELLMAN : δ 13 C AS A PROCESS INDICATOR and landuse change upon soil C stocks, and the need to increase confidence in soil C storage estimates plagued by high variability, exploring in situ process indicators such as δ 13 C natural abundance techniques, could significantly contribute to our understanding of belowground carbon dynamics.
In this study, controlling for all factors other than disturbance, we examine depth trends in carbon concentrations and δ 13 C signatures at an undisturbed old growth forest and in clearcut forest stands representing ecological important stages of stand development.
The ultimate goal of our study was to establish the validity of using δ 13 C and carbon concentration depth profiles to infer temporal changes in belowground carbon cycling processes following disturbance in a pure C 3 ecosystem. We examine the depth trend in δ 13 C in the old growth forest to identify the dominant mechanism driving the trend in the undisturbed system [Wynn et al., 2006] . We then compare the depth profiles of the disturbed stands to the old growth stand to establish whether temporal patterns in the degree of isotopic enrichment through depth following disturbance were evident.
Methods

Site descriptions
We established a chronosequence in the Abrahams Lake area of the Liscomb Game 
Field sampling, solid phase carbon concentration and stable isotope ratios
At each site, three soil pits (71 cm x 71 cm x 50 cm deep) were hand excavated and measured in a representative area of the stand following the method of Huntington et al. [1988] . Pits were located on the crests of the rolling topography and the mineral soil was excavated by depth, rather than genetic horizon, using the following sampling depths from the top of the mineral soil: 0-5 cm, 5-10 cm, 10-15 cm, 15-20 cm, 20-35 cm, 35-50 cm. The depth interval 0-5 cm was generally coincident with the E horizon, while the remaining intervals were representative of the B horizon. The A horizon was typically <1 cm or absent.
The <2mm fraction of the soil was homogenized by grinding the sample on a roller mill and then analyzed for %C and δ 13 C using an elemental analyzer (Eurovector EA-3028-HT, Manchester UK) coupled to a CF-IRMS (GV Isoprime Mass Spectrometer, Manchester UK) at the Environmental Sciences Research Centre in Antigonish, Nova Scotia, Canada.
Dry mass concentrations (g C g −1 soil) were converted to dry volume concentration (g C cm −3 ) using dry bulk density measurements (g soil cm −3 ) [Huntington et al., 1988] .
Isotopic contents are expressed as the relative difference (in parts per thousand) between the sample and the standard (Pee Dee Belemnite (PDB) for C), according to δX -8 DIOCHON AND KELLMAN : δ 13 C AS A PROCESS INDICATOR (R sample /R standard -1) * 1000, where R is the ratio of the heavy/light isotope content of the element.
Characterization of SOC concentration and stable carbon isotope depth profiles
In an undisturbed soil, the concentration of soil organic carbon typically decreases exponentially with depth, while the δ 13 C signature increases. We model the depth profiles of SOC concentrations and δ 13 C signature using the solution to the diffusion-production equation derived by Wynn et al. [2006] . The equation assumes steady state conditions and that heterotrophic production of CO 2 is in balance with biodiffusive transport of carbon down the profile. Concentrations of carbon through the profile were normalized using the empirically derived estimate of C s according to the relationship:
, where f soc (z) is a proxy for the degree of decomposition of SOC [Wynn et al., 2006] and organic matter at the surface is considered to be a new input (f soc =1).
Mixing of SOC from different sources
If mixing is the dominant mechanism, we should observe a significant linear relationship between the remaining fraction of SOC, (f soc ), and its δ 13 C signature, (δ 13 C f ), that can be best described by: 
Rayleigh distillation of SOC
We used the Rayleigh distillation equation for decomposition of soil organic matter [Wynn et al., 2006] to evaluate the mechanism of kinetic fractionation in explaining profile depth trends at each site. If kinetic fractionation associated with humification is the dominant mechanism, we should observe a significant non-linear relationship between f soc and δ 13 C that can be described by:
which takes into account the efficiency of microbial assimilation, e, and the fraction of assimilated carbon retained by a stabilized pool of SOM, t. Both of these values are parameterized using a value of 0.5 following Santruckova et al. [2000] and Wynn et al. [2005] .
The δ 13 C f is the isotopic composition of SOC when sampled, δ 13 C i is the composition of input from biomass, α is the fractionation factor between SOC and respired CO 2 that is converted to reflect the permil (‰) difference using the equation ∆=(α-1)×1000, and F is the fraction of remaining SOC, approximated by the value of f soc .
Use of the equation assumes that SOC decomposes in an open system (CO 2 diffuses towards the atmosphere) and that all components of SOC decompose and contribute to soil-respired CO 2 at the same rate with depth in the profile (SOC is treated as a single pool). We also assume that f soc approximates the degree of decomposition of SOC (F), the controlling variable in the Rayleigh distillation equation.
To examine the effects of distillation alone, we removed the effect of mixing of SOC with a different isotopic composition using a synthetic linear function [Wynn et al., 2006] . The fits of the depth trends in δ 13 C soc (Figure 1 ) to the isotope model were also significant and slightly better than the fits for the carbon concentration data (Table 2) .
Modeled values for δ 13 C s closely approximated the δ 13 C values in the organic layer at these sites. The values for the constant, k, which describes the magnitude of isotopic shift from surface to maximum depth, were reasonable, with the exception of the recent clearcut. Here, the value was -5.22 and is double the value estimated for the other sites.
The values for k, the difference between above-and below-ground δ 13 C, at the other sites are consistent with the observed trend in enrichment in the soil samples. The magnitude of the isotopic shift from the surface to depth is slightly greater in the 15 and 45 yr sites relative to the 125+ yr. The characteristic root production depths (e-folding depths) are consistently higher for δ 13 C(z) in the recent clearcut, the 80 and 125+ yr sites than those determined by C(z).
Mechanism(s) of depth dependence
In the old growth forest soil, δ 13 C soc increases by -2.3 ‰ with depth (Table 2) . This enrichment, which is occurring over the top 50 cm of mineral soil, may be attributable to mixing and/or kinetic fractionation during humification. Mixing, either because of the Terrestrial Suess effect or from above and belowground sources, typically produces a 1.5 ‰ enrichment with depth and results in a significant linear relationship between the carbon concentration and the δ 13 C signature through depth. The mixing model was a poor fit (r 2 =0.06, P-value=0.2886, Table 3 ) to the observed depth trends, suggesting mixing is not the dominant process producing the depth trend of 13 C-enrichment. This poor fit, together with the non-linear relationship between C(z) and δ 13 C soc (Figure 1) X -12 DIOCHON AND KELLMAN :
suggests that the depth trends may be better explained by kinetic fractionation, and not surprisingly, the data from the old growth site are best represented by the Rayleigh distillation equation (r 2 =0.70, P-value <0.0001, Table 4 ).
Based on the analysis of the intact old growth forest, we can infer that in the absence of disturbance, kinetic fractionation during humification is the dominant mechanism driving the observed depth trends at these sites. However, after a forest is clearcut the natural depth trend may be altered by such mechanisms as erosion, mechanical mixing of soil layers, and/or increased SOC mineralization.
Harvesting effects on depth profiles
As the δ 13 C and carbon concentration trends are consistent with a pattern of kinetic fractionation associated with humification of SOC, we can examine the δ 13 C patterns in disturbed profiles to investigate whether this humification process is intensified or reduced during post-harvest succession. At each of the disturbed sites, the Rayleigh distillation equation better represented the relationship between the fraction of remaining carbon and its δ 13 C signature than the mixing model (Tables 3 and 4) , with all sites fitting the model well (Table 4) , and fit increasing with time since disturbance. Enrichment with depth was greatest in the soils from the sites that had been disturbed by harvesting of timber (Table 4) more enriched at depth at the 15>45>80 year sites, with the carbon concentrations (C(z)) reflecting the inverse of this trend (15<45<80).
Our data suggest that, during the first 15 years post harvest, rates of mineralization increase beyond rates of inputs in the deeper soil. As a result, the concentration of carbon declines and the δ 13 C values of the SOC pool increase. Sometime between year 15 and 45 post-harvest, inputs exceed outputs, the carbon concentration begins to increase, and the δ 13 C ratio becomes more negative. The observations at these sites are consistent with a pattern of increased deep SOC mineralization and loss following clearcut harvesting in the deeper (>20 cm) mineral soil.
Conclusions
Based on depth trend of 13 C-enrichment that exceeds 1.5 ‰ and model analyses, we suggest that kinetic fractionation during humification is the dominant mechanism driving the observed depth trends in δ 13 C enrichment in an undisturbed sandy loam textured Podzol. We documented changes in the carbon concentration and δ 13 C depth profiles of forested stands during post-harvest succession that were also best explained by kinetic fractionation during humification. Trends in our data were consistent with increased mineralization in the deep mineral soil post-harvest, which is significant because soil carbon in this area of the profile is typically assumed to be stable. The findings of our study establish the validity of using δ 13 C and carbon concentration depth profiles to infer temporal changes in belowground carbon cycling processes after disturbance in a pure C 3 ecosystem. Because δ 13 C analysis is becoming more accessible, it presents a potentially valuable Table 2 . Curve fits for the carbon isotope depth profiles, δ 13 C, presented in Figure 1 . The empirical constant k describes the magnitude of isotopic shift from surface to maximum depth, δ 13 C s is the isotopic composition at the surface and z δ is the e-folding depth. 
